Through mixing isotactic-polypropylene (i-PP) and atactic-polypropylene (a-PP), we have demonstrated the importance of the crystallinity in polypropylene as an electret material. Samples with crystallinities between 7 % and 47 % were used. A high degree of crystallinity in polypropylene, used as an electret, gives a better charge stability with respect to temperature and humidity changes. The semicrystalline i-PP significantly outperforms a-PP regarding charge stability. a-PP is an amorphous polymer. By mixing a-PP and i-PP, the degree of crystallinity can be controlled, while all other sample preparation processes and characteristics can be identical. This is important since the performance of an electret material is sensitive to its previous process history. Activation energies used for predicting the thermal potential decay are determined from thermally stimulated current and isothermal potential decay experiments. Activation energies from 0.98 eV to 1.41 eV were determined. From these values, a very good agreement was achieved between the experimental potential decay at room temperature for more than 290 days, and a theoretical estimation of the potential decay.
INTRODUCTION
ELECTRET materials are dielectrics with quasipermanent electric charges or dipole polarization and they are often used where it is favorable to utilize a permanent electrical field for example in electret microphones, [1] [2] [3] , where the use of an electret material makes it possible to make a microphone without an embedded power supply. Typically, highly stable electret materials, such as perfluoro polymer electrets, are used [4, 5] .
In this work, however, polypropylene, in its isotactic and atactic form, is used as a model system for investigating the discharge mechanisms in polymer electret materials. The goal is to get an understanding of how to enhance the temperature and humidity stability for polypropylene and to be able to transfer this knowledge to other electret polymers. Polypropylene is chosen as a model system due to the limited charge lifetime compared to other much more stable electrets but the results obtained are equally important for an optimization of the electret properties of polypropylene.
Elevated temperature and controlled humidity conditions are used as accelerated aging conditions. This makes it possible to study the performance of polypropylene as an electret material much faster than other more stable electret polymers. Polypropylene is structurally similar to the popular perfluoro polymer electrets such as perfluoronated ethylene propylene copolymer (FEP) and polytetrafluoroethylene. Both the fluoropolymers and polypropylene are semicrystalline and in the case of FEP also have sidechains with one carbon atomeither methyl or trifluoromethyl. However, the fluoropolymers are both with respect to processing and physical characterization much more difficult to handle than polypropylene.
In [6, 7] it has been revealed that the electrical charges in polymer electrets are associated with the crystalline spherulites, in particular the center of these. In [8] we have demonstrated that the size of the spherulites are of major importance to the charge stability. The influence of the degree of crystallinity is, however, to be determined. Others have succeeded in increasing the charge stability in polymer electrets by other means than control of the size of the crystalline areas or the degree of crystallinity, for example through treatment with titanium-tetrachloride vapor [9] , the introduction of particles [10] or other impurities [11] , or by biaxially stretching the electret material [12] . All this in the search of making even better electret materials which for example can be used in small-scale vibrational energy harvesters, air filters or pre-polarized microphones; e.g. electret microphones [4, 13] .
THEORY
This section covers the theory regarding thermally stimulated discharging of electrets and the location of the charges.
When having an electret material with real charges (surface or space charges), the charges can be thought of as being trapped in potential wells; as known from solid state physics [14, 15] . The activation energy or energies if multiple traps exist, for loss of charge is a measure of how deep these potential wells are and how stable the charges are on/in the electret. The higher the activation energy is, the more stable the charges are. By thermally stimulating the charges, the depth of the traps can be revealed.
KINETIC RATE THEORY
When heating up a charged electret, its discharge mechanisms are accelerated. This discharging, can be seen as a current that leaves the electret and can be described by general second order reaction kinetics, which are given by [16] - [18] . Several other authors have also used reaction kinetics to describe the electret discharge phenomenon [19, 20] .
where I is the current as a function of time, t, or temperature, T. q is the elementary charge, n is the number of electrons on the electret at any given time or at any given temperature and N is the total number of available traps. A n and A h are the probability coefficients for an electron being re-trapped and for an electron to recombine with a hole in a recombination center, respectively.  is the linear heating rate and E a is the activation energy of the trap. v is the rate constant with the dimension inverse time and can be interpreted as an attemptto-escape frequency. This parameter is proportional to the frequency of the collisions between the electron and the material phonons. Finally, k b is the Boltzmann's constant. Equation (1) describes the discharge behavior for isothermal conditions, whereas equation (2) describes the discharge behavior when the temperature is linearly increased. From a combination of isothermal potential decay experiments and thermally stimulated current measurements the activation energy of the trap, or traps, can be determined. For A n /A h = {0,1} the solution to equation (1) is given by
where W is the Lambert W function [21] . The solution to equation (2) is similar.
For A n /A h ≠ {0,1} a numerical approach is needed to solve equation (1) and equation (2) .
Note that this theory only applies for materials where the phase state is preserved, and cannot be used to describe the discharge mechanism when e.g. a polymer begins to melt. This is primarily because the theory does not account for molecular motion in the electret. If an electret has traps with different energies, the discharge behavior can be explained by a superposition of either equation (1) or equation (2), depending whether it is the time of temperature domain that is in use. The different terms, of the superposition, should be mutually weighted with the initial amount of charges, n 0 .
UNCERTAINTY ON THE ACTIVATION
ENERGY The activation energy, E a , and the attempt-to-escape frequency, v, are strongly correlated, which often make it necessary to fix v to a specific value, normally in the interval 10 12 s -1 to 10 14 s -1 [18] . However, when fixing v, an uncertainty to the activation energy is also introduced. This uncertainty comes from the possibility of a wrong estimate of v. For the case where A n /A h = 1 it can be shown that the error introduced on the activation energy, of course, depend on the correct values of the attempt-to-escape frequency, v c , but also on the temperature, T p , of which the largest current for equation (2) occurs [22] . This is seen as a current peak when plotting equation (2) as a function of temperature. The error for the activation energy is given by the relation
By a numerical approach it can be shown that the error given by equation (4) depends only weakly on the ratio of A n /A h , the heating rate, , the number of available traps, N, relative to the number of electrons at the start temperature, T 0, and the initial guess of v.
By using equation (4) , it can be shown that the error when estimating an activation energy range from 0.07 eV for a current peak at 80 °C to 0.08 eV for a current peak located at 130 °C. This estimate is valid assuming that the guess of  is within an order of magnitude from the true value. Thus, it will not be possible to determine the activation energy with more than two significant digits, under the assumption above. A current peak at 80 °C and 130 °C corresponds to an activation energy of 1.047 eV and 1.122 eV respectively; using v=10 13 , A n /A h =1, N=n 0 , =7.5 K/min.
SAMPLE PREPARATION AND EXPERIMENTAL PROCEDURE
This section covers the details regarding sample preparation and experimental procedures.
SUPPORT STRUCTURE AND SPIN COATING
All samples consist of a support structure and a spin coated layer of either isotactic polypropylene (i-PP), atacticpolypropylene (a-PP) or a mixture hereof. The i-PP has a weight average molecular weight of 250,000 g/mol, a number average molecular weight of 67,000 g/mol and was purchased as beads. The weight average molecular weight for the a-PP was 12,000 g/mol and the a-PP was in the form of a waxy gel. The supplier of the i-PP was Sigma-Aldrich and the supplier of the a-PP was Goodfellow.
The support structures consist of a single side polished, 10 cm diameter, highly doped silicon wafer with a 100 nm thick layer of titanium on the front side. The titanium provides good electrical conductivity throughout the support structure and ensures the adhesion of polypropylene to the front side. A highly doped silicon wafer was chosen as support structure due to its very low electrical resistivity, which is below 0.025 ohm·cm, and flatness.
The polypropylene was spin coated onto the support structure, from a polypropylene/cyclohexane solution. Four mixtures were used where the content of the polypropylene was changed as follows (by weight): 1) 100 % i-PP, 2) ⅔ i-PP and ⅓ a-PP, 3) ⅓ i-PP and ⅔ a-PP, and 4) 100 % a-PP. Prior to spin coating, mixture 1), 2) and 3) had been heated to 120 °C in a closed vial for at least 18 hours to ensure complete dissolution of the polypropylene beads. Before use, the solution is cooled to 78 °C. At this temperature the solution is metastable with respect to crystallization induced precipitation of the i-PP. The time window of use, at 78 °C, is approximately 1 hour. The 120 °C heat treatment can be repeated and the solution reused. Mixture 4) forms a homogenous suspension at room temperature and, thus, did not need to be heated.
The spin coating process was tuned to the four different mixtures so that the final thickness became around 30 µm to 40 µm. After each spin coating, the samples were heat treated in an oven at 180 °C for 2 min., this is to ensure complete evaporation of the cyclohexane and to reduce the internal stress in polypropylene, which was introduced during spin coating.
PRESS AND COOLING
To ensure a consistent surface morphology the samples were pressed at 1 MPa (10 bar) and 180 °C for 5 min in a mechanical press. The sample to be pressed is covered by a silver-coated silicon wafer. The silver is a non-adherent surface. Around the sample and the silver-coated wafer, silicone rubber sheets are used to ensure an even distribution of the pressure. The thickness of the polypropylene after this treatment is approximately 30 µm.
After the samples have been pressed, they are exposed to quenching in an ice bath, going from 180 °C to 0 °C in approximately 1 s. This is to ensure small size spherulites, which work done previously [8] concluded was very important to obtain a good charge stability.
As all the used samples, has been quenched in the same way we assume that all samples had the same spherulite size. The difference in crystallinity, therefore, originates from the number rather than the size of the spherulites.
CRYSTALLINITY
The crystallinity of the samples was determined with a Differential Scanning Calorimeter (DSC) 4000 from Perkin Elmer. 8 mg to 15 mg of polypropylene was removed from the substrates for each analysis. The crystallinity stated in this work is an average of a minimum of six runs. The heating rate was 20 °C/min and the crystallinity was calculated from the ratio of the melting peak, from the first cycles, to the heat of fusion for polypropylene (165 J/g [23] ).
CHARGING AND SURFACE POTENTIAL
The samples were charged in a corona discharge setup for 2 min. The principle behind the setup is described in [24] . The distance from the needle to the grid was 3 cm and the distance from the grid to the sample was 3 mm. The grid was used as a common ground for the needle and the sample, and the potential from the needle to the grid was fixed at -10 kV using an EMCO high voltage component "Q101N". The potential from the grid to the sample can be controlled from 0 V to 2000 V using an EMCO USB high voltage power supply "USB20P". All samples were charged to -500 V and left at ambient conditions for a minimum of 12 hours before being used in any experiments. This was done because we are interested in the long-term stability of the electrets and we would like to exclude the short time decay from the experiments.
The reason that the electret are charged negative is due to the fact that several authors have reported that negative charge electrets are slightly more stable than positive charged ones [19, 20] . The -500 V correspond to a charge density similar to what is used in commercial products, such as electret microphones. We note that the charge density is below level at which cross-over is expected -the phenomenon where a surface decay curve starting at one voltage crosses and curved starting at another voltage [24] .
The surface potential has been measured with an electrostatic voltmeter located 1 mm to 2 mm above the surface of the samples. The electrostatic voltmeter used was a Trek 347 with probe 6000B-7C.
Samples used in the following potential decay experiments were not recharged for new decay experiments. Some of the samples were, however, used after the decay experiments to determine the degree of crystallinity, which was a destructive process.
ISOTHERMAL POTENTIAL DECAY
The isothermal potential decay experiments were conducted at 90 °C and at 120 °C, both for 24 hours. Each sample was measured five times in the 24-hour period. Each measurement is performed by a robot that took 101 independent readings of the surface potential evenly distributed over the wafer, with a minimum distance to the edge of 10 mm. At each measurement, all samples were taken out of the oven and returned when all the measurements had been performed. The relative humidity for the isothermal experiment was below 2 %RH.
HUMIDITY INDUCED POTENTIAL DECAY
The humidity induced potential decay experiment was conducted at 50 °C and 90 %RH for 24 hours. The climate chamber used was a Vötsch VC 4060. Each sample was measured in the same way as the samples at the isothermal experiments. The samples used for the humidity experiment were not reused for other experiments.
TERMALLY STIMULATED CURRENT
The thermally stimulated current has been calculated from a thermally stimulated potential decay experiment, which is where the surface potential, is measured as a function of a linear increased temperature. The temperature was controlled with a programmable hotplate, EchoTherm Model HS60 from Torrey Pines Scientific. The used heating rate was 7.5 K/min. The released current from the electret was calculated from the measured surface potential with the following expression:
where  0 is the is the vacuum permittivity,  r the relative permittivity,  the heating rate, V the measured surface potential, T the temperature and d the thickness of the sample. It is here assumed that all the charges are located at the surface of the electret [25] . Note that correction has not been included for the nonlinear thermal expansion of the polypropylene [26] , since this is not important in the context of electret stability related to polypropylene crystallinity.
BEST-FIT APPROACH
In section 4.3, the term "best-fit approach" is used. This term covers how equations (1) and (2) has been mathematically fitted to experimental data points. MATLAB [27] has been used for this purpose with the build in function lsqcurvefit which is a solver for nonlinear curvefitting problems in a least-squares sense.
RESULTS
This section covers the results from the experiments described in section 3. Unless stated otherwise, each data point is based on an average from four equivalent samples, each with 101 different measuring points. Figure 1 shows the isothermal charge stability at 90 °C and 120 °C. As the content of the a-PP is increased, the charge stability is substantially reduced. The samples that only contain a-PP were so unstable that they lost more than 250 V from the end of charging to the start of the first surface potential measurement, a transfer that takes approximately 2 min. As seen in Figure 1 this sample type lost on average The isothermal charge stability at 90 °C and 120 °C. As the content of the a-PP is increased, the charge stability is significantly reduced. The fully amorphous samples, the samples that only contained a-PP, are so unstable that they loose more than 450 V from the end of charging to the start of the isothermal experiments.
THERMAL AND HUMID CHARGE STABILITY
450 V in the 12 hours period from the samples being charge to the experiments started. In Figure 2 , the charge stability at 50 °C and 90 % relative humidity is seen. Again, it is seen that after 24 hours the samples with the least amount of a-PP are the most stable and that the samples with 100 % a-PP drop most of their charges before the actual experiment began. Figure 3 shows the charge stability for four samples over a period of 293 days. The samples were stored in a cleanroom single wafer carrier box and kept away from direct sunlight. The temperature has been the indoor temperature of the session; 18-25 °C.
In Figure 4 the charge stability after 24 hours is replotted as a function of degree of crystallinity.
The changes seen at ambient conditions ( Figure 4 ) are augmented under stressful conditions. Thus the difference, seen in Figure 3 , over long time, between the three crystalline samples, are reflected in the faster and more dramatic changes seen in Figure 1 and Figure 2 . The sample containing ⅓ i-PP and ⅔ a-PP in Figure 3 (blue curve,▲) were somewhat at odds the first 5 days with the interpretation from Figure 1 and Figure 2 . This sample is characterized by a 10 fold larger variation in the surface potential, than the other samples, which may account for the fact that this sample, in the first 5 days, appears more stable in Figure 3 than the more crystalline sample consisting of ⅔ i-PP and ⅓ a-PP (red curve,•). However after 291 day (and most likely before) the charge stability trend at ambient conditions is similar to what is reflected under the more stressful conditions, namely that the samples containing the most i-PP have the best charge stability. This correlates well with the crystallinity of the samples. Table 1 . What is seen is that the crystallinity decreases as the amount of i-PP is lowered. This is expected, as a-PP is an amorphous polymer. We note that the calculated crystallinity is 7 % for the samples only consisting of a-PP, indicates that the used a-PP is not 100 % atactic as specified by the manufacturer. Figure 4 shows the surface potential after 24 hours as a function of the crystallinity for the different sample types. The solid lines represent data from Figure 1 to Figure 3 and the dashed lines represent data from previous work [8] . In Figure  4 , a clear correlation is seen between increased charge stability and an increased degree of crystallinity. The higher the degree of crystallinity the better the charge stability will be. However, since the size of the crystalline areas, known as spherulites, plays an even bigger role than the crystallinity [8] , increasing the crystallinity should not happen through increased spherulites size but through an increased number spherulites.
CRYSTALLINITY
The size of the spherulites in these set of experiments have been smaller than 1 µm, which have been confirmed by Scanning Electron Microscopy (SEM) on samples that prior to the SEM have been exposed to a selective etch as described in [28] , [29] . A SEM image from a sample consisting of 100 % i-PP is seen in Figure 5 . The areas that appear as bumps are the spherulites. The black arrow in the middle of the image indicates one of these spherulites. Figure 6 shows the calculated thermally stimulated current for a sample consisting of ⅔ i-PP & ⅓ a-PP, at the heating rate of 7.5 K/min, along with four states, that can describe the released current up to 150 °C. The four states are based on equation (2) that describes general second order reaction kinetic. The current seen in Figure 6 above 150 °C cannot be described by the theory discussed in section 2 as polypropylene melts in the interval 150 °C to 180 °C. This melting interval has been determined by differential scanning calorimeter. For the four states in Figure 6 v has been fixed to v=10 13 and the ratio of A n /A h has been set to 0.5 as this value gives the best fit to the flank (the right side of a current peak) for the three current peaks with the lowest temperature. N, the number of available traps, has been set equal to n 0 (the initial amount of charges), as it is assumed that the deepest traps are filled first.
RELEASE CURRENT
The activation energies for state A, B and C have initially been determined from the temperature position of the current peaks by the following numerical approach. After determining the activation energies for state A and state C, which were 0.98 eV and 1.21 eV respectively, the activation energy for state B could be determined from the peak that occurred when subtracting state A and state C from the experimental data (the red curve, in Figure 6 ). The activation energy for state B was determined to 1.09 eV. The sum of states A, B and C account for almost 61 % of the released current in Figure 6 and it is therefore fair to assume, the existence of minimum one more trap with an activation energy above 1.26 eV; which Table 2 Activation energies, and other relevant parameters for the four states visible in Figure 6 and Figure 7 . †Thermally stimulated Current.
‡ Thermally stimulated Potential Decay. Figure 1 are shown. The theoretical potential decay is based on three activation energies determined from Figure 6 and a fourth activation energy determined from a best-fit approach to the 90 °C isothermal experimental data (black dots). As seen the theoretically predicted potential decay fits very well with the experimental data. The fourth activation energy and the R 2 values for the fits are given in Table 2 Table 2 . Symbols on the curves are for identification only.
% i-PP
correspond to a current peak above 150 °C. All the abovementioned values are summarized in Table 2 . The last type of trap, state D, has been determined by combining the data from the calculated release current and the data from the 90 °C isothermal experiment (from Figure 1) by a best-fit approach, described in section 3.8. This was done using the three activation energies from state A, B and C, as initial guess and then assuming the existence of one more trap that should account for the rest of the charges with an activation energy above 1.26 eV. The initial guess on their mutual weighting was based on results from the initial determination of state A, B and C. With this approach, the activation energy for state D has been determined to 1.28 eV. The uncertainty on the activation energy from the fitting routine is ±0.004 eV, which is much smaller than the uncertainty given by the fixed value of v; this was discussed in section 2.2. The solid black and red curve in Figure 7 is the theoretical potential decay at 90 °C and 120 °C respectively for the sample type consisting of ⅔ i-PP & ⅓ a-PP using the four above determined activation energies and their weighting. As seen the theoretically predicted decay fits very well with what has been observed experimentally the first 24 hours, and when extrapolating the fits beyond the first 24 hours the predicted decay seems reasonable. The coefficient of determination (R 2 ) for the two predicted decays in Figure 7 are 0.992 and 0.996 for the 90 °C fit and the 120 °C fit respectively. These values are also summarized in Table 2 .
The determination of the activation energies for the sample consisting of 100 % i-PP is done with the same approach as for the sample consisting of ⅔ i-PP & ⅓ a-PP. However, as seen in Figure 8 , only a single current peak is visible, for the released current with a heating rate of 7.5 K/min before the sample begins to melt. As the current peak is located at 83 °C the activation energy can be determined to 1.06 eV. The weighting of state A in Figure 8 has been determined to 10.7 % of the total released current. The above-mentioned values are also summarized in Table 3 . From the released current in Figure 8 it is fair to assume the existence of at least one more trap with an activation energy above 1.26 eV, which, as previously mentioned, corresponds to a current peak above 150 °C. By using the same approach as for the sample consisting of ⅔ i-PP & ⅓ a-PP, a good fit is obtained for the data from the 90 °C isothermal experiment. However, a significant underestimation of the charge retention is made for the data from the 120 °C isothermal experiment. This indicates the existence of yet another type of trap, which will result in a larger charge retention for the fit at 120 °C. Figure 9 shows the results of a best-fit approach using the data from both the 90 °C and the 120 °C isothermal experiments from Figure 1 . The activation energy and its weighting determined from the released current in Figure 8 has been used together with the assumption of two additional traps that should account for the rest of the charges. This resulted in two activation energies of 1.29 eV and 1.41 eV with weightings of the total charge of 40.3 % and 49.0 % respectively. The theoretical current peaks for both activation energies lies well in or above the melting interval of i-PP; at 161 °C and 199 °C respectively. As seen in Figure 9 , the theoretical predicted decay fits very well with the Table 3 Activation energies, and other relevant parameters for the three states found in Figure 8 and Figure 9 . †Thermally stimulated Current.
‡ Thermally stimulated Potential Decay. Figure 8 . Shows the calculated released current for the sample type consisting of 100 % i-PP at a heating rate of 7.5 K/min. Only one current peak is seen before the sample begins to melt, meaning that only one activation energy can be determined from the thermally stimulated current. The activation energy along with other relevant parameters for the state can be seen in Table 3 . The theoretical potential decay based on the activation energy determined from Figure 8 and two additional activation energies determined from a best-fit approach to both the 90 °C and 120 °C isothermal experimental data (red and black dots). As seen the theoretically predicted potential decay fits very well with the experimental data. All three activation energies and the R 2 values for the fits are shown in Table  3. experimental data from the 90 °C and the 120 °C isothermal experiments. Moreover, when extrapolating the fits beyond the first 24 hours the predicted decay seems reasonable. The correlation coefficients, R 2 -values from the fits, for the two predicted decays in Figure 9 are 0.998 and 1.000 for the 90 °C fit and the 120 °C fit respectively. The above-mentioned values are also given in Table 3 .
We note that the discussion presented assumes that we are characterizing potential decay for samples which are unchanged when temperature is changed and, thus, we are examining processes which occur with increased rate at higher temperature. This model of course breaks down at the melting point where any residual charge is lost and shown up as strong peak in the thermally stimulated decay. We are hesitant to discuss the nature of this final decay in detail since it is fundamentally different from the other decay mechanisms.
By using the four activation energies given in Table 2 and the three activation energies listed in Table 3 the theoretical potential decay for the two reference samples in Figure 3 , consisting of ⅔ i-PP & ⅓ a-PP and 100 % i-PP respectively can be determined. These two fits are shown by the dashed lines in Figure 3 , and it is seen that the predicted potential decay, for a period of 293 days, for the sample consisting of ⅔ i-PP & ⅓ a-PP are fairly good and very good for the sample that only consist of 100 % i-PP.
CONCLUSION
On the basis of the presented work, we conclude that the best charge stability is achieved with a high degree of crystallinity. We have demonstrated this with respect to temperature and humidity.
The degree of crystallinity has been controlled by mixing a-PP in i-PP, while all other process parameters have been kept constant, as charge stability in electret materials is known to be sensitive to the process history.
The samples with highest crystallinity exhibited significantly better charge stability in comparison to the samples with lower crystallinity.
We emphasize the importance of the small size of the spherulites [8] . The size of the spherulites was determined using SEM to be smaller than 1 µm.
The determination of the activation energies for the samples consisting of 100 % i-PP and ⅔ i-PP & ⅓ a-PP has shown that the theory described in section 2 can be used for describing the thermal discharge mechanism for polymer electrets both for short but also for a longer period of time which was demonstrated for samples that had been stored for 293 days. This gives a powerful tool of estimating the lifetime of an electret at different thermal conditions.
